Abstract. The Ghansura Felsic Dome (GFD) occurring in the Bathani volcano-sedimentary sequence was intruded by mafic magma during its evolution leading to magma mixing. In addition to the mafic and felsic rocks, a porphyritic intermediate rock occurs in the GFD. The study of this rock may significantly contribute toward understanding the magmatic evolution of the Ghansura dome. The porphyritic rock preserves several textures indicating its hybrid nature, i.e. that it is a product of mafic-felsic magma mixing. Here, we aim to explain the origin of the intermediate rock with the help of textural features and mineral compositions. Monomineralic aggregates or glomerocrysts of plagioclase give the rock its characteristic porphyritic appearance. The fact that the plagioclase crystals constituting the glomerocrysts are joined along prominent euhedral crystal faces suggests the role of synneusis in the formation of the glomerocrysts. The compositions of the glomerocryst plagioclases are similar to those of plagioclases in the mafic rocks. The results from this study indicate that the porphyritic intermediate rock formed by the mixing of a crystal-rich mafic magma and a crystal-poor felsic melt.
Introduction
The current understanding of shallow crustal magma chambers is limited to expelled volcanic products or is based on seismic tomography. These shallow magma reservoirs are often intruded by compositionally distinct magmas leading to magma mixing (DePaolo 1981; Grove et al. 1988; Hawkesworth et al. 2000) . Evidence for magma mixing has been reported from many volcanic provinces worldwide (Larsen et al. 1938; Eichelberger 1975; Sakuyama 1981; Luhr, Carmichael 1980; Koyaguchi, 1986) . Some of the common lines of evidence for magma mixing include mafic magmatic enclaves or MME (Eichelberger 1975) , chilling or net veining of a more mafic phase by the more felsic phase (Vernon et al. 1988 ), rapakivi and/or antirapakivi texture, poikilitic crystals of quartz and K-feldspar, titanite ocelli, blade "hydrogenic" biotite, spike zones in plagioclase and boxy cellular morphology of plagioclase crystals, acicular apatite (Hibbard 1991; Baxter, Feely 2002) , linear trends in binary diagrams joining the compositions of putative end-members (Castro et al. 1990 ) and correlations of radiogenic isotopic compositions (Faure 1986 ). Magma mixing is one of the dominant mechanisms involved in triggering volcanic eruptions. When a new magma intrudes an existing magma chamber, the resulting influx of volatiles and the thermal disequilibrium generated may trigger eruptions (Sparks et al. 1977; Huppert et al. 1982; Sosa-Ceballos et al. 2012) . However, the exact mechanisms by which mixing occurs between two disparate magmas remains uncertain. There is a consensus that textural analysis can play a vital role in deciphering the behavior of two disparate magmas during their mixing (Perugini et al. 2003; Martin et al. 2006 , Charreteur, Tegner 2013 Gogoi et al. 2017; Gogoi et al. 2018a) . Furthermore, textural features preserved in volcanic-and hypovolcanic rocks can significantly contribute to understanding magma-chamber dynamics (Martin et al. 2006 , Charreteur, Tegner, 2013 Gogoi et al. 2018b; Gogoi, Saikia 2018) . This paper focuses on the porphyritic intermediate rock of the Ghansura Felsic Dome (GFD) of Chotanagpur Granite Gneiss Complex, eastern India. The porphyritic intermediate rock commonly contains monomineralic aggregates or glomerocrysts of plagioclase. Glomerocrysts are a common yet enigmatic texture in magmatic rocks. This distinct texture reflects the aggregation of crystals of a mineral such as feldspar, quartz or chromite (Schwindinger, Anderson 1989) . Glomerocryst formation is commonly attributed to the process of synneusis that is defined as the process of aggregation of crystals, suspended in a melt, along similar prominent crystal faces as they are crystallizing (Vogt 1921; Vance 1969; Schwindinger, Anderson 1989) . However, glomerocrysts may also comprise crystals joined along irregular, embayed margins, formed due to resorption of crystals rather than crystallization (Hogan 1993) . During resorption, intergranular melt is produced along the grain boundaries which acts as binding material for the partiallyresorbed crystals to bind together during slow overgrowth. Such partial dissolution of grains may create a boundary layer melt which subsequently cools and binds the closelyspaced crystals together to form glomerocrysts. Crystal clusters or glomerocrysts have mainly been reported from plutonic settings and their origin has been attributed to a variety of mechanisms. Brown (1956) and Brothers (1964) interpreted the union of crystals in layered gabbroic rocks as due to gravity settling in a crystallizing magma chamber. Murata and Richter (1966) suggested that glomerocrysts form by entrainment of crystal aggregates from a pre-existing cumulate mush. Magmatic turbulence in a crystallizing magma chamber was deemed a major factor in the differential movement of crystals in synneusis by Vance (1969) . Stull (1979) inferred that the early-formed crystals floating in a crystallizing magma chamber join by synneusis. Dowty (1980) attributed the origin of synneusis to the hydrodynamic forces associated with flow or gravitational settling and explicitly mentioned the importance of mineral chemistry in understanding the complex process of synneusis. However, detailed work on synneusis involving mineral chemistry has not been carried out to date. In fact, our work appears to be the first to use chemical data from mineral grains involved in synneusis to understand the origin of the texture. Schwindinger and Anderson (1989) attributed the origin of crystal aggregates to synneusis driven by the hydrodynamic forces associated with crystal settling in a liquid-rich magma. Clague et al. (1995) proposed that olivine displays a synneusis-driven aggregation processes due to rapid settling in lowviscosity primitive liquids. Annexation of smaller mineral grains by larger crystals, followed by grain-boundary migration, was proposed by Marsh (1998) . By this process, optically-continuous minerals can be produced as a result of rapid coarsening. Schwindinger (1999) considered crystal aggregates to form during magma flow. Ikeda et al. (2002) considered the minimization of the surface energy of the crystal aggregates to be the driving force for aggregation achieved by an increase in the dihedral angle (θ>60º) corresponding to the interfacial energy ratio at a solid-liquid-solid triple junction. Formation of crystal clusters by remobilization of cumulate mushes in the magma system was proposed as a possible mechanism by (Jerram et al. 2003) . Renjith (2014) stressed that the formation of crystal clusters by synneusis is facilitated when crystals are in motion due to dynamically-active convection or turbulence in a crystallizing magma. Magmatic turbulence brought about by magma mixing in a syenite magma chamber was considered as the dominant mechanism leading to the development of crystal clusters in the mixed rocks of the Yelagiri Alkaline Complex of southern India .
We have investigated the plagioclase glomerocrysts in the porphyritic intermediate rock of the GFD. The aim was to understand the dynamics of a shallow, crustal, felsic magma chamber involving magma mixing using textural-and mineral chemical analyses of this distinctive magmatic texture.
Geological setting and field relationships
The GFD is a small felsic unit occurring in the Bathani volcano-sedimentary sequence, a bimodal volcanic-and volcano-sedimentary suite exposed at the northern edge of Chotanagpur Granite Gneiss Complex, eastern India (Figs 1 and 2a ). The sequence extends over a known distance of ca 40 km. The type area is located at Bathani village (24° 59.5' N, 85° 16' E) in the Nalanda district, Bihar, India. The volcano-sedimentary unit is composed of garnet-mica schist, rhyolite, tuff, banded iron formation (BIF), chert and carbonates. The bimodal volcanic sequence comprises rhyolite, andesite, pillow basalt, massive basalt, tuff and mafic pyroclastics. Granites crosscutting the volcanic sequence occur as small hillocks and plutons. Based on primary sedimentary and volcanic structures, it can be established that the volcano-sedimentary sequence is overlain by the bimodal volcanic sequence with no marked break between the two sequences (Saikia et al. 2014) .
The GFD is a part of the Bathani sequence that preserves good evidence of magma mixing and mingling (Fig. 2b) . A detailed discussion can be found in Gogoi et al. (2018b) . In the domain studied, several individual zones are characterized by varying degrees of interaction of the mafic magma with the felsic host as discussed immediately below. (a) Some mafic zones contain angular felsic clasts (Fig. 3a) indicating that solidification had already begun in the host magma chamber when invading magma disrupted it. (b) Some other mafic zones contain abundant felsic ocelli with reaction surfaces (Fig. 3b) .
The felsic ocelli have a definite alignment in the mafic rocks. They have various shapes, i.e. round, angular, elliptical and elongated. Their sizes vary from ca 1-5 cm across. (c) A small portion of the Ghansura Dome is occupied by intermingled mafic-felsic rocks (Fig. 3c) . A well-defined reaction surface can be seen at mafic-felsic contacts there. (d) There are some isolated patches in the GFD which are completely felsic (Fig. 3d) .
These remained isolated from mafic intrusion and are relatively fresh. They represent the closest approximation to the composition of the felsic host prior to the intrusion of the mafic magma. (e) An intermediate zone is characterized by porphyritic rocks (Figs 3e, 3f) . The homogenous nature of these rocks suggests that they formed due to extensive mixing of the two contrasting magmas. Phenocrysts (ca 1-10 mm long) of plagioclase are distinctive as is the presence of abundant rapakivi-textured feldspars (Fig. 3e) . 
Petrography
The rocks of the GFD may be broadly classified into (1) mafic-, (2) felsic-and (3) porphyritic intermediate rock. As the main objective of the present work is to understand the genesis of glomerocrysts in the porphyritic intermediate rock, the petrography of other hybrid rocks from the dome is not discussed.
Mafic rocks
The mafic rocks consist of augite, plagioclase and Ti-Fe oxide as major phases, and amphibole and biotite as accessory phases. Phenocrysts of augite give the rock a porphyritic texture (Fig. 4a) . Most of the plagioclase laths are partially or completely enclosed within augite in ophitic-and sub-ophitic textures. 
Felsic rocks
The felsic rocks are fine grained with the mineral grains mostly ranging from subhedral to anhedral in shape (Fig. 4b) . They generally consist of quartz, K-feldspar, muscovite and ilmenite.
Porphyritic intermediate rock
In this rock, phenocrysts of plagioclase lie in a fine to medium grained matrix of quartz, plagioclase, K-feldspar, biotite, calcite, apatite and ilmenite. Quartz ocelli, rapakivi-and anti-rapakivi feldspars, feldspars with dissolved cores and undissolved rims, oscillatory zoning in plagioclase and acicular apatite are all evident.
The aggregation of smaller plagioclase grains into crystal clusters is a striking petrographic feature of this rock ( Fig. 4c-f ). The crystals forming these clusters have undergone mutual attachment to form larger crystals of plagioclase. The degree of coalescence varies significantly between the plagioclase grains involved. In some cases, the crystals aggregated with their grain boundaries intact ( Fig. 4c ) whereas, in others, grain boundaries dissolved completely to form a larger plagioclase grain (Fig. 4f) . Oscillatory-or other zoning patterns are not observed in the plagioclase crystals in the clusters.
Analytical method
Mineral chemical analyses were performed using a CAMECA SX 100 electron microprobe at the Electron Microprobe Analyzer Laboratory, Geological Survey of India, Faridabad (India). The data were obtained using an acceleration voltage of 15 kV, a beam current of 10 nA and a beam diameter of ca 1 μm. Standards used include Wollastonite for Si and Ca, Periclase for Mg, Rhodonite for Mn, Albite for Na, Corundum for Al, Hematite for Fe, Orthoclase for K, Apatite for P, metallic Cr and Ti for Cr and Ti, Halite for Cl, Metallic Zn for Zn, Fluorite for F and Barite for Ba. The PAP correction was applied to the data (Pouchou, Pichoir 1987) .
Mineral chemistry
Mineral chemical analyses were carried out on plagioclase to understand the genesis of the synneusis texture in the porphyritic intermediate rock. The focus was on plagioclase as it is considered an important phase in tracing magma mixing. Plagioclase forms at a wide range of magma compositions and thermal conditions and does not equilibrate during mafic-felsic magma interactions, valuable information about magma-mixing processes are preserved (Pietranik, Koepke 2009) . Plagioclase is present in the mafic-and porphyritic intermediate rocks of the GFD, but not in the felsic rocks.
Analyses were carried out at 13 points in three plagioclase grains in the mafic endmember. The data include core-rim analyses from individual plagioclase grains given in Table 1 . Plagioclase compositions plot in the fields of andesine, labradorite and bytownite (Fig. 5a ). An contents vary from An 48 to An 75 .The plagioclase grains show reverse zoning with Ca-poor cores (An 48-68 ) relative to rims (65) (66) (67) (68) (69) (70) (71) (72) (73) ). Analyses were carried out at 54 points on plagioclase grains occurring in a crystal cluster in the porphyritic intermediate rock. The data include core-rim analyses of individual plagioclase grains. Representative data are provided in Table 2 . The compositions of plagioclase from the hybrid product plot in the compositional range of bytownite and labradorite (Fig. 5b ). An contents vary between An 60 and An 74. Plagioclase crystals in the crystal cluster show no clear zoning pattern; their compositions are nearly uniform from cores (An 69-71 ) to rims (An 66-data70 ).
Compositions of plagioclase from the mafic end-member and from the porphyritic intermediate rock are plotted to show variations of K 2 O, TiO 2 , BaO and FeO as a function of anorthite content (Fig. 6a-d) . In the variation diagrams, there are substantial similarities between the plagioclase compositions of the mafic rocks and the porphyritic intermediate rocks, excepting FeO which shows slightly higher FeO concentrations in plagioclase for the mafic rocks at similar An contents.
Discussion
The Ghansura dome is a small felsic domain that was intruded by mafic magma during its genesis. Various hybridized zones occur which include mafic rocks containing felsic clasts and felsic ocelli ( Fig. 3a and b) , intermingled mafic-felsic rocks (Fig. 3c ) and porphyritic intermediate rock ( Fig. 3e and f) . From field observations, the hybrid zones appear to have formed due to varying degrees of interaction between invading mafic magma and felsic host. Pure end-member mafic-and felsic rocks not affected by magma mixing and mingling also occur in the area. All these rock types occur together in the GFD is a random distribution pattern. The occurrence of felsic clasts and ocelli within mafic rocks suggests that the felsic magma chamber was partly solidified when mafic magma intruded. The intermingled mafic-felsic rocks suggest mingling of mafic-and felsic magmas in which signatures of both magmas can be traced. In contrast, the porphyritic intermediate rock appears to be a homogenous product in which signatures of the parental (Gogoi et al. 2018b ). The homogenous nature of the rock suggests the uniform mixing of the mafic-and felsic magmas. A detailed overview on magma mixing and mingling in the GFD is presented in Gogoi et al. (2018b) . A detailed study of the porphyritic intermediate rock under the microscopic reveals that smaller crystals of plagioclase have aggregated together to form larger crystal clusters or phenocrysts. The crystals involved in the clusters are mutually attached along prominent euhedral crystal faces ( Fig. 4c and e) . Glomerocrysts with crystals attached along prominent euhedral crystal faces form by synneusis as the mineral is crystallizing (Hogan 1993) . Petrographic-observations suggest that plagioclase-crystal aggregation was followed by dissolution of their grain boundaries to form phenocrysts of plagioclase. The degree of coalescence between the plagioclase grains involved in synneusis varies significantly. In some cases, the crystals show aggregation with their grain boundaries intact (Fig. 4c) whereas, in others, complete dissolution of grain boundaries results in larger plagioclase grains (Fig. 4d and f) . The nature of the grain boundaries can point to the degree of synneusis undergone. Glomerocrysts in which grain boundaries of the individual crystals are preserved show distinct extinction positions but behave as single crystals with regard to sericitization or alteration patterns (Fig. 4c) . On the other hand, crystal clusters characterized by dissolved grain boundaries formed optically continuous glomerocrysts which subsequently evolved into single plagioclase grains.
The plagioclase from both the mafic-and porphyritic intermediate rocks mostly plot in the fields of labradorite and bytownite ( Fig. 5a and b) Table 2 ). The plagioclases of the crystal clusters are characterized by restricted compositional ranges and do not exhibit any definite zoning pattern. The compositional similarity between the plagioclase from the mafic rocks and the glomerocrysts of the porphyritic intermediate rock suggests that the plagioclase occurring in the hybrid rock may have been derived from the mafic magma.
A significant portion of the GFD is occupied by mafic rocks containing clasts and ocelli of the felsic host rocks. From field observations, it is inferred that the felsic magma chamber was partly solidified when mafic magma intruded. The solidified portion of the magma chamber is now represented by the clasts and ocelli in the mafic rocks. The melt in the remaining portion of the chamber interacted with the mafic magma to form hybrid rocks. Among the hybrid rocks, a porphyritic grey-colored intermediate rock occurs which is characterized by abundant phenocrysts of plagioclase feldspar arranged in glomerocrysts or crystal clusters. The clustered plagioclase crystals are joined along prominent euhedral crystal faces suggesting that the glomerocrysts formed by synneusis. The preservation of synneusis in the hybrid rock suggests that crystals drifting in a melt mutually attached together to form phenocrysts. The similar compositions of the plagioclase in the mafic-and porphyritic intermediate rocks suggest that the plagioclase in the hybrid rock derived from the mafic magma. From the porphyritic-and coarse-grained nature of the mafic rocks, it is inferred that the mafic magma was crystal-rich when it intruded. On intrusion, crystals from the mafic magma were dispersed into the crystal-poor felsic melt from which the finegrained felsic rocks evolved. The crystal-poor nature of the felsic melt allowed the plagioclase crystals of the mafic end-member to drift and accumulate together to form larger crystals in an intermediate hybrid rock of porphyritic nature (Dowty 1982; Stull 1979; Vance 1969) There are several hypotheses suggesting the role of crystal mushes in the origin of crystal clusters (Murata, Richter 1966; Schwindinger, Anderson 1989; Jerram et al. 2003) . Crystal aggregates could be entrained by the vertical influx of magma through a cumulate mush or the reworking of crystal mushes from the walls and roof of a magma chamber. However, the absence of cumulate layers in the Ghansura dome suggests that mush zones were not responsible for the origin of the crystal clusters in the porphyritic intermediate rock. From field observations, it appears that the GFD was partly solid and partly melt when mafic magma intruded. The solidified portion of the felsic magma chamber is now represented by clasts and ocelli in the mafic rocks. The clasts and ocelli are fine-grained rocks resembling the felsic host. On the other hand, the felsic melt interacted with the intruding mafic magma to form the porphyritic intermediate rock. Evidence for the existence of a crystal-rich mush zone in the GFD was not found. Mush zones have frequently been associated with felsic magma chambers from both plutonic and volcanic settings (Hildreth, Wilson 2007; Bachmann, Bergantz 2008; Takahashi, Nakagawa 2012; Singer et al. 2014) . The lack of mush zones in the GFD may be attributed to the shallow depth of the felsic magma chamber where fast cooling rates might well have prevented the formation of crystal-rich mushes in the felsic magma. Thus, felsic magma chambers may behave differently under different physical conditions.
Conclusions
Here we report the occurrence of synneusis in a porphyritic intermediate rock.
Synneusis is displayed by smaller plagioclase crystals that have aggregated and mutually attached to form larger crystals or phenocrysts. Thus, synneusis is responsible for the formation of plagioclase phenocrysts occurring in the hybrid rock and giving the rock its characteristic porphyritic nature. Textural-and mineral chemical analyses suggest that the synneusis texture resulted from the mixing of a crystal-rich mafic magma with a crystalpoor felsic melt. Earlier studies have mainly suggested the genesis of synneusis as due to crystal settling in a magma chamber. Our study suggests that synneusis may be an important mechanism in the formation of porphyritic rocks. Furthermore, the nature of the interaction observed between the invading mafic magma and the felsic host in the Ghansura dome indicates that shallow-level crustal magma chambers may be partly solidified and partly melt (crystal-poor) when undergoing cooling. Our study of synneusis illustrates how the mixing of a crystal-rich mafic magma and a crystal-poor felsic melt can lead to the development of this unique texture.
